Abstract: Blends of high-impact polystyrene (PS-HI) and styrene/ethylene/butylene/ styrene block copolymer (SEBS) were investigated to determine the effects of rubber on the polymer properties. The processing behaviour of the PS-HI + SEBS blends was analyzed and the dynamic mechanical behaviour of the processed blends was examined. The rheological behaviour of the prepared blends during processing was followed by measuring the torque, output and melt pressure in a twin extruder. Dynamical mechanical analysis was performed in the temperature range of -150 to 160°C. The blends were also investigated in the creep fatigue regime and relaxations were determined at 25 -65°C. Master curves for the reference temperature 25°C were created using the time-temperature superposition principle. With increasing SEBS content there was not significant increase of the torque value for blends below a rubber content of 70 wt.-% with respect to neat PS-HI. An influence of SEBS content on the increase of the apparent viscosity was observed above 40 wt.-% of SEBS. The curves of storage modulus E', loss modulus E'' and loss tangent tan δ vs. temperature are affected by lowering the hard phase (PS) content: tan δ of the soft phase ethylene/butylene (EB) increases, while tan δ for the hard phase and storage modulus decrease. All samples exhibit a single glass transition of the hard phase. At constant load the creep of PS-HI, SEBS and PS-HI + SEBS blends increases and the creep modulus decreases over a period of time for all samples examined. These effects are more pronounced in samples with lower hard phase content. The energy-time-temperature correspondence principle was applied to create master curves for the reference temperature 25°C for the creep modulus of PS-HI, SEBS and PS-HI + SEBS blends. Microscopic morphology results confirm the main conclusions obtained from the processing and dynamic mechanical behaviour of the blends. The phase-separated microstructure is more pronounced in PS-HI + SEBS blends. The rise in fracture energy with SEBS introduction appears in the whiteness of the SEM microphotographs, first as white crests, and in PS-HI + SEBS blends with higher SEBS content as globular structures.
Introduction and relation to previous work
Blending two or more polymers offers a good possibility to modify thermoplastic materials so as to improve their properties. Thermoplastic elastomers (TPEs), especially styrene-ethylene/butylene-styrene block copolymer (SEBS), styrenebutadiene-styrene block copolymer (SBS) and styrene-isoprene-styrene block copolymer (SIS) have been successfully used as impact modifiers for styrenic thermoplastics. Those block copolymers are convenient for thermoplastics modification because of their unique combination of mechanical properties and processability. Multicomponent polymeric systems of the block copolymer + homopolymer type with variation of compositions and phase content can provide desired properties [1] [2] [3] [4] [5] [6] [7] [8] . The phase behaviour of thermoplastics rubber based on styrenic block copolymers and styrenic thermoplastic blends has been studied by several authors [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . It has been established that the microdomain structure in such mixtures changes in a much more complicated fashion than in neat block copolymers. The morphology and rheological behaviour are very significant for the user. Dynamic mechanical behaviour and creep relaxation are important for the design of plastic products. One needs to estimate the material durability in order to prevent premature failure and to avoid large deformations [7, 12, 19] . From creep measurements based on the time temperature superposition principle (TTS) the rheological behaviour of polymeric materials over a much longer range of time than achieved in experiments may be obtained [20] [21] [22] [23] .
The purpose of our work is to present dynamic mechanical properties (DMA), processing behaviour and SEM microscopy results. The key objective is to observe how SEBS block copolymer influences the viscoelastic properties of PS-HI, primary viscoelastic functions as well as creep modulus in the creep fatigue regime and interpretation of the dynamic mechanical measurements in terms of morphological characteristic of SEBS and PS-HI copolymers and their blends, phase number, phase composition and phase content. Prediction of the final performance under constant stress at various temperatures and construction of master curves for the examined systems has also been performed.
In our earlier investigations we have examined high-impact polystyrene (PS-HI) and SBS blends from this point of view [13] . Our previous study has shown the sensitivity of SBS copolymer to thermooxidative degradation [24] . Thus, in the present study SEBS block copolymer with saturated middle blocks, which is less liable to thermal degradation, has been chosen.
Experimental part

Materials
We used high-impact polystyrene (PS-HI 417, DIOKI, Zagreb, Croatia) with a polybutadiene (PB) content of 8 wt.-%, styrene-ethylene/butylene-styrene block copolymer (Kraton 1650, Kraton Polymers, Germany) with a content of polystyrene (PS) of 29 wt.-% and their blends. Compositions of the blends studied are listed in Tab. 1.
Specimens preparation
Blends were prepared using a Haake Record 90 twin extruder with the intensive mixing profile, Haake TW 100, zone temperatures of 150/200/200/150°C, and a frequency of rotation 60 min -1 . The specimens were obtained by compression moulding at 220°C; the mould temperature was 40°C and the rate 200 mm/s. A Dynamic Mechanical Analysis 983 TA Instruments was used to obtain temperature scans (from -100 to 100°C) of the storage modulus E', loss modulus E'' and loss tangent (tan δ) of PS-HI, SEBS and PS-HI + SEBS blends. The conditions were as follows: rate of heating 5°C/min, resonant frequencies and amplitude 0.2 mm. Creep (strain) behaviour, recovery and creep modulus as a function of time and temperature were measured using creep mode software at the constant stress of 14.9 kPa at temperatures 25, 35, 45, 55 and 65°C.The specimens were stressed for 1 h and than allowed to relax for 1 h. The temperature was then increased in increments of 5°C followed by an equilibration period of 15 min before initiation of the next stress/relax action cycle. Using the time-temperature correspondence principle the master curves for the reference temperature (T ref = 25°C) were created, from short-time experiments performed at 25, 35, 45, 55 and 65°C.
A scanning electron microscope (SEM) JEOL J.S.M. -5800 was used to investigate the morphology of the samples after the specimens were cut under liquid nitrogen atmosphere.
Results and discussion
Rheology results
The torque values vs. the content of block copolymer SEBS are presented in Fig. 1 . We see in Fig. 1 that the TQ values decrease with increasing SEBS content up to 40 wt.-% SEBS in the blends. After that TQ increases -apparently due to higher rubbery phase viscosity. There is no significant increase of the TQ value for the blends below a rubber content of 71 wt.-% with respect to neat PS-HI. The ratios TQ/Q, (p 3 -p 4 )/Q and (p 5 -p 4 )/Q increase with increasing content of SEBS copolymer (cf. Fig. 2) . Our results give an insight in to the apparent melt viscosity of the examined systems. A significant increase of the TQ/Q ratio is observed above 40 wt.-% of SEBS copolymer. 
Tab. 2. Glass transition temperatures T g of the hard and soft phases, values of E' and tan δ for PS-HI, SEBS and PS-HI + SEBS blends
Glass transitions and other DMA results
The SEBS block copolymer can be considered as a two-phase system exhibiting two glass transitions (T g s): at -40°C due to the EB soft phase and at 110°C due to the PS hard phase. This is shown in Tab. 2 and Fig. 3 . DMA spectra of PS-HI show also two T g s, at 67°C due to the soft phase PB, and at 111°C due to the hard phase PS (Fig. 3 and Tab. 2). DMA spectra of PS-HI + SEBS blends display a single T g of the hard phase PS, which is higher than T g of PS in neat copolymers. The glass transition of the soft phase PB is present, too. The second T g at negative temperature in DMA spectra of PS-HI + SEBS blends is associated with the soft phase EB in SEBS copolymer (Tab. 2 and Fig. 3) . T g of the soft phase EB decreases as the amount of hard phase PS in PS-HI + SEBS blends increases. Similar changes of the soft phase T g in thermoplastics (T) and TR blends were found by other authors. They argued that this was the result of stresses created by the difference in isobaric expansiveness of the soft and hard phases [12, 19, 25, 26] . The storage modulus E' in the rubbery plateau decreases with increasing content of SEBS block copolymer (Tab. 2 and Fig. 3 ). At the same time, the intensity of the loss tangent maximum due to the EB soft phase increases while the intensity of the tan δ maximum due to the PS hard phase decreases (Fig. 3) . Such behaviour of tan δ and E' can be related to the decreased rigidity in the samples with lower content of the hard phase and more pronounced viscoelastic behaviour [11, 13] . For all samples examined, the viscoelastic creep and recovery data were obtained under a constant load. On the base of creep data, isothermal curves of the creep modulus E vs. time were obtained. An example is provided in Fig. 4 . Creep and recovery increase with temperature at a constant content of PS hard phase (Tab. 3, Fig. 4a and b) . The creep modulus E vs. time curves are shifted to lower values with increasing temperature at the same conditions (Fig. 4c) . Sample  25°C  35°C  45°C  55°C  65°C  25°C  35°C  45°C  55°C [20] [21] [22] [23] , master curves of creep modulus vs. time at the reference temperature are generated (Figs. 5 -8) . We see from Figs. 5 -8 that at short time intervals our materials exhibit relatively high creep moduli. At longer times viscous flow occurs and the modulus decreases. These results displayed above may be explained as follows. Under a constant load, copolymers undergo molecular relaxation or rearrangement in an attempt to minimise the localized stress [20, 27, 28] . The processes involved in molecular rearrangement become more pronounced with time and are faster at higher temperatures. Thus, necessarily the processes are time and temperature dependent [13, [20] [21] [22] [23] 27, 29, 30] .
In blends possibly the dependence of the relaxation time on temperature is different for each phase. Faster rearrangement of the soft EB phase at the same conditions of creep experiments is due to its higher flexibility than that of the PS phase. The creep measurements have been performed at temperatures above T g of the soft phaseswhat also enhances the flexibility and relaxation of the soft phases. The modulus vs. time curve in the master curves are shifted to lower values with a decreasing hard phase content at the same conditions (Figs. 5 -8 )
SEM results
Microscopic morphologies of our systems confirm the main conclusions obtained in the analysis of the processing and DMA behaviour of the blends (cf. Fig. 9 ). We see in Fig. 9 that a phase-separated microstructure is more pronounced in the blends. The rise in fracture energy with SEBS introduction appears in the whiteness of the SEM microphotographs, first as white crests and in PS-HI + SEBS blend with higher SEBS content as globular structures. Our observations agree with the results reported in the literature [14, 15, 31, 32] .
